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Abstract: Thermally induced position errors are one of the main error sources on the workpiece
caused by the behavior of the machine tool. In today’s industrial environment, the correction of
thermal errors is usually based on simple regression approaches, where the characteristic diagrams
for correction are generated experimentally. The performance of these approaches is only valid for
the corresponding load regimes, which often results in insufficient correction quality in practical
applications. Consequently, there is only a limited benefit or even a deterioration in machine behavior
if the correction characteristic is based on an inapplicable load case compared to the initial experiment.
Simulation-generated characteristic diagrams using finite element models solve this disadvantage,
but do not answer the question about the choice of the right characteristic matching the current
load situation, and, in addition, calculate very slowly. Structural model-based correction using
reduced models, on the other hand, calculates quickly, but requires a high modeling effort for
accurate correction. The approach, presented in this contribution, combines simulation-generated
characteristic diagrams and a structural model-based decision algorithm for a new hybrid model in
order to select the appropriate characteristic diagram for the present load situation in the control
system. This paper presents the simulative characteristic diagram generation by a finite element
model validated by experiments in a climate chamber and a validated structural model including the
concept for the decision algorithm.

Keywords: machine tools; thermal error correction

1. Introduction and State of the Art

In machine tools, thermo-elastic structural deformations cause up to 75% of the machin-
ing inaccuracies measurable on the workpiece [1,2]. Hereby, thermal errors in machine tools
are considered to be much more relevant than geometric, static, and dynamic errors [3,4].
Nevertheless, the correction of thermally induced errors in the development and operation
of machine tools is currently regarded as insufficiently solved and a recognized problem in
industry [4]. Established procedures are specific to machine, load case, and environmental
boundary conditions [5]. This is a particular issue for Small- and Medium-sized Enterprises
(SMEs), as they usually have small batch sizes, a wide range of parts, and heterogeneous
machinery as well as usually no air conditioning for machine tools available [6]. Whereas
large companies, as series producers, regard thermal-related faults in operation as domi-
nant and worthy of correction, small- and medium-sized companies regard the problem
of thermal behavior as too complex to tackle. Time- and energy-inefficient warming-up
phases or complicated temperature control strategies produce significant costs, along with
potential rejects. During the summer months, temperature fluctuations of 5 to 15 Kelvin
during the day occur, which increases the need for a suitable correction procedure [7–9].
Consequently, the performance of the machine tools falls short of what is theoretically
possible [10].
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The available approaches are divided into compensation and correction methods,
where the first aim to minimize or prevent the occurrence of thermally induced defor-
mations by influencing heat inputs and heat flows, and the latter aim to correct the ther-
mally induced displacements at the tool center point (TCP) by adapting the movement
specifications [11,12]. Examples for compensation methods are thermo-symmetric struc-
ture design, temperature control of drives, bearings and guides, frame components, as
well as temperature control of the cooling lubricant, partly by evaluation of the ambient
temperature based on a reference sensor as well as air conditioning of the environment
and air cooling [13–16]. However, compensation methods are often expensive and do
not include internal heat sources. In addition to other approaches, for example, using
learning algorithms [17–23], the main approaches for correction methods are characteristic
diagram-based correction and structure model-based correction, as outlined next.

1.1. Characteristic Diagram-Based Correction

Characteristic diagrams represent a set of input variables continuously mapped onto
defined output variables. Between support points, data can be generated by multilinear
interpolation, polynomials, B-splines, or other functions, depending on the type of the
diagram [24]. Characteristic diagrams are largely independent of the structure they de-
scribe, making this approach flexible and locally applicable at the component level. In the
state of the art, characteristics are currently mostly determined from experimental results.
Alternatively, characteristic diagrams can also be obtained very efficiently by simulation
based on finite element (FE) models using temperature and displacement fields [25]. These
models are characterized by a very good representation of the temperature fields [26].
Because the physical machine tool is not required to generate the characteristic map, it is
possible to create a wide variety of load case configurations by means of calculations based
on the FE model that has been created and calibrated once. This modularization reduces
the computational effort and enables the assignment of locally relevant input variables
to each component input variable [27]. Current research focuses on the development
of efficient grid structures of high-dimensional characteristics and FEM with multigrid
solvers [28–30]. FEM-based sensitivity analysis is used to determine the optimal positions
for temperature sensors as the basis of simulation-based characteristics, and smoothed grid
regression is used in research work as an extended calculation methodology for characteris-
tic diagrams [31]. It has been shown that a 40–80% reduction in the mean thermally induced
error can be achieved through the application of simulation-based characteristics [32–34]
and even more, when the characteristics can be updated with information regarding the
current load case [35–37].

1.2. Structure Model-Based Correction

In contrast to the characteristic diagram approach, the structural model-based cor-
rection method includes the structural variability and calculates the temperature and
displacement field based on the moving structure and current pose. In consequence, heat
inputs can be applied to moving components, such as feed axes, in the specific locations
where they occur [38,39]. The structural model is not necessarily based on FEM approaches
but also uses physical-based models on a system or digital block simulation, such as
Matlab/Simulink® or ESI ITI SimulationX®. It includes partial models for power loss,
thermal coupling coefficients, and thermo-elastic displacement and approaches for cal-
culating the axis correction values. A modular strategy for correcting structure models
in the context of machine tools has been developed through fundamental research and
is undergoing validation on numerous machine components and structures [36,40–43].
The modules can be divided into three areas: data acquisition, modeling, and correction,
whereby each area is calculated in its own time domain (control real time and thermal
real time) that can be calculated decoupled from each other (control internal and control
external). In can be shown for a machine component that the thermally induced position
error could be reduced by 80–87% for a machine component “bar axis” [41]. In ref. [44], the
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error components of the rotational axes were corrected with the help of a physical model; a
reduction in the error between 35% and 38% was achieved.

Regarding characteristic diagrams, for each load case, as it depends on the workpiece
and each machine tool, a suitable characteristic diagram must be determined experimentally,
which is highly inefficient [4,32]. The high costs are a major obstacle to the introduction
of correction methods. Simulation-generated characteristic diagrams, on the other hand,
allow a certain load case variability right up to the option to generate several characteristics
in parallel for multiple load cases and are more cost-efficient. However, the simulations
are very time-consuming (48 h for one load case for the simulated DMU80) and the choice
of the correct characteristic as a basis for correction as well as methods for changing the
characteristics on the running machine are still open research questions. Finally, structure
models can include the current load situation and simulate quickly but require a huge
modeling effort to achieve sufficient accuracy for thermal error correction.

Consequently, the development of a cheap and smart hybrid correction methodology
that takes the changing load cases (e.g., different workpieces), the specifics of the machine,
and the changing environmental conditions into account, allows for a reduction in costs, scrap
rate, and inefficient warm-up phases, and, at the same time, an increase in workpiece quality.

This paper presents a new hybrid model approach that combines the advantages
of simulation-generated characteristic diagrams and structural models with a decision
algorithm to achieve a cheap and smart correction technology for machine tools.

2. Approach

The objective is to develop a hybrid correction method that combines a list of simulation-
generated characteristic diagrams with a structural model-based observer as the decision
maker in order to activate the appropriate characteristic regarding the present load situation
in the machine tool control system that is used for thermal error correction.

To do so, a thermo-elastic FE model was generated for the test machine tool DMG
Mori DMU 80 evolution and validated by extensive experimental studies including various
thermal load cases. Next, the FE model was qualified to generate simulative characteristic
diagrams resulting in a “Characteristic Generator”, Figure 1 left, that also can be validated
by the experimental studies. With this, a variety of characteristics for different load cases
can be generated and stored in a database, where they are available for selection by the
“Numeric Control” (NC), Figure 1 bottom. However, there is currently no method available
to find and activate the most appropriate characteristics depending on the current load case
of the machine tool. In the presented approach, a fast-calculating structural-based model
order reduction (MOR [45]) model was build up and validated that is able to simulate
current load situations from linked machine data and was used to evaluate the actual
correction quality, Figure 1 right. The outstanding feature of the hybrid model is the
addition of the observer, Figure 1 center, which continuously ensures with the help of the
fast-calculating structural model that a valid characteristic diagram is used for correction
in the control system. If the current correction is not sufficient, a suitable characteristic can
be selected from the mentioned database, and, if there is none, the missing characteristic
can be generated by interpolating existing characteristics or by new FE simulation with
the stored load case description. In addition to the two model calculations, the approach
includes, therefore, the observer to evaluate to current correction quality, the interfaces to
the models and to the process data to automate the calculations, the database of previously
calculated maps, and the interface to the numeric control to exchange the current correction
diagram during production.

This paper presents in the following sections the experimental setup as the basis for
FE model validation and experimental characteristic diagram generation (Section 3), the FE
model and simulative characteristic diagram generation (Section 4), and the design and
validation of the structural model (Section 5). The developed methodology was applied
and illustrated exemplarily for the machine tool DMU 80 evolution.
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Figure 1. Architecture of the hybrid model approach.

3. Experimental Characteristic Generation

At first, a reference characteristic of the DMU80 machine tool was created by extensive
thermal experiment studies that were, in addition, the basis for the validation of the created
simulation models. The experiments were carried out on the demonstrator machine during
operation in different load situations, where, at the same time, the physical variables of
temperatures, displacements, motor currents, and axis speeds were recorded. To do so,
a structured experimental plan was drawn up in order to provide meaningful load cases
for the validation of the simulation calculations. This plan outlines the number, duration,
and type of experiments, as well as an estimated workload for the measurements. Based
on this, the measurement set-up with the corresponding sensors was practically built and
the measurement data acquisition system was set up. When carrying out the experiments,
care was taken to eliminate as many disturbance variables as possible and to ensure that
the target variable could be sufficiently resolved so that a clear distinction could be made
from measurement noise at all times. The measurements were carried out on the DMU
80 evo in a stationary climate chamber (Figure 2), which allows the ambient and ground
temperatures to be controlled. In addition, the climate chamber offers a wide range of
options for the climate control, which was used for the experiments:

• Setting of a fixed ambient temperature in the range of 10–40 ◦C;
• Regulation of the air humidity to a stable value of 50%;
• Control of the floor temperature in the range of 15–30 ◦C;
• Variation of the ambient temperature in a day–night cycle (sine wave).

A cooling lubricant module with a capacity of up to 900 L was available for the test
machine, which was equipped with a cooling unit with a capacity of up to 6 kW. The
temperature of the cooling lubricant was recorded at all times.
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probes (right).

Further operational parameters of the machine are the type of coolant supply (external
coolant supply through side nozzles, coolant supply through tool, and bed flushing) and
the internal and external heat sources. The internal heat sources arise from the power loss
of moving machine components (bearings and motors) due to friction and winding losses
in electric motors. These are mainly caused by the rotary motion of the table, the motor
spindle, and the rotation of the swivel axis. External heat sources include chips during the
machining process and heating pads, which are used in experiments to introduce heat in a
specified manner. For experiments without machining (air cuts), the external heat sources
are omitted.

In the experimental design, the heat sources within the machine and the environmental
influences due to cooling lubricant and global ambient temperature were considered and
investigated in a decoupled manner, Table 1.

Table 1. Excerpt of the design of experiments and sequence of measurements.

Tool Axis Linear Travel Axes Rotatory Table Axes

Spindle X Y Z B C

Load in %

0 0 0 0 0 0

50 25 25 25 25 25

100 75 75 75 75 75

The basic experimental plan was divided into three main blocks. In the first main
block, the influence of the cooling lubricant on an unmoved machine was investigated
at a previously defined and stable ambient temperature. The parameters temperature,
volume flow, and type of supply were varied. In the second main block, the temperature
of the cooling lubricant was controlled as stably as possible, whereby the parameters
of the ambient temperature and machine load (internal heat sources), expressed as the
percentage of the maximum travel speed of the machine, were considered separately,
Table 1. In the third and last main block, practical load cases were examined and considered
in order to verify the correction approaches developed in the project. Hereby, the change in
ambient temperature, room-temperature-controlled cooling lubricant temperature, but also
machining processes were included. These investigations can also be carried out outside a
climate chamber and are intended to prove the newly developed simulation approaches
for practical use. Finally, a characteristic diagram was created based on the experimental
and simulative results and used for classic thermal error correction so far.
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Figure 3 shows an example measurement for an ambient temperature change in a
24 h cycle. Three of the twenty integrated temperature sensors (T2–T4) are shown as a
time–temperature curve. Also, air and ground temperatures are presented, where the air
temperatures were recorded at two different heights (50 cm and 200 cm). On the right side
of the diagram, the relative displacement between tool center point and the workpiece side
is shown for an example point. Further details regarding the experimental studies in the
climate chamber and the validation of the models are presented in the literature [46].
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4. FE Model and Simulative Characteristic Generation

Following the approach, the next step was to create characteristics by simulation
instead of experiments with the help of a thermo-elastic finite element model. This model
was created based on a CAD geometry model of the entire machine that needed to be
reduced in complexity: At first, detailed design features (e.g., small holes and bores) were
removed in the design environment and complex bodies were simplified. These included
screw connections, guide rails, bearings, and motors. This was necessary as otherwise there
could have been issues with the meshing or an unnecessarily high number of FE elements
would have been created. Non-relevant assemblies such as the machine housing and switch
cabinet were removed. Next, the data were exported in a neutral CAD exchange format.

The subsequent import took place in the simulation environment ANSYS Workbench,
where the meshing and calculation were performed in ANSYS Mechanical. With the help
of the software, it was possible to carry out a static mechanical analysis based on a thermal
analysis that was calculated in advance. The calculated temperature field served as a
thermal load for the calculation of the deformation field when compared to a reference state.
The relative or absolute displacements of the tool center point (TCP) in all three spatial
coordinates (X, Y, and Z) could be determined from the deformation simulation. Figure 4
shows the entire workflow of the simulation process. The individual model phases are
explained in more detail below.

The CAD model was divided into further sub-assemblies, which were later reassem-
bled after the meshing level in the simulation level in order to be able to map the different
axis positions (see Figure 4). In the Ansys Workbench, the individual subsystems were
assembled as building blocks to form an overall system, while each unit could be processed
independently at the submodel level. This allowed a good overview and structure of the
overall project, because the overall model of a machine tool is very complex. The most
important properties, such as material data, were included in a separate database.
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The following Figure 5 shows the simplified machine model and the FE mesh on which
it was based. The individual solid bodies were decomposed into simple finite volume
elements (e.g., tetrahedron and hexahedron). The primary emphasis of the modeling was
on achieving high-quality elements while minimizing the total number of volume elements
to reduce both computational and storage requirements.
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The model boundary conditions included all possible types of heat flows and convec-
tive boundary conditions needed to solve the heat conduction equation in the FE solver.
The model’s boundary conditions were modified as required to achieve the closest ap-
proximation to the physical model possible, Figure 6. This was achieved by considering
the internal heat sources in the machine, such as heat-loss of motors and motor spindle,
frictional heat in bearings, and guides.

In order to be able to simulate and represent a machine behavior (axis movements) that
is as universal as possible, individual areas of the active surfaces were segmented. This was
achieved, for example, for the running surface of the guideway and the spindle shaft of the
ball screw, Figure 7. Asymmetric load cases can also be applied, by introducing an average
heat flow locally to the running area of the guideways, as presented in Figure 7. Flow
effects, such as cooling lubricant or heat exchange with the environment, are described by
a heat transfer coefficient, whereby the individual assembly surfaces are clustered.
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Finally, with the help of the FE solver, the transient temperature field was calculated
for a defined load case and, in the final step, the static deformation of the entire machine
compared to a reference state was calculated for each time step. Post-processing was also
performed at this level to display the temperature and displacement fields of the simulation,
Figure 8.
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A script interface was used to read the physical data at discrete monitor points,
especially sensor points of the temperature measurement as well as relative displacement
measurement between tool center point and the workpiece. Read from the solution file
and stored in text files, these data can then be used for offline training of a characteristic
diagram correction.

Once programmed, the characteristic diagrams provide the correction offset values for
the TCP in the X, Y, and Z directions at any time. The rotation axes of the table (B and C)
were corrected by an angle. The main input variables are temperature sensors and the
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current actual positions of the axes. However, other input variables, such as motor currents
or accelerations, can also be used if required. A computer integrated within the machinery
calculates real-time correction values from characteristic diagrams and transfers them to
the Numeric Control, as shown in Figure 9.
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With the help of the NC control, the calculated offset values were added to the running
CNC program and thus the error was corrected. Because a single characteristic diagram
usually does not achieve the required complexity, several characteristic diagrams are usually
connected at discrete support points (e.g., at defined zones in the working area). This is
due to the fact that large characteristic diagrams require a lot of memory and computing
power for their creation, because the computational effort grows exponentially with each
additional input variable. In practice, it is therefore beneficial to use several less complex
characteristic diagrams in a network.

For validation of the simulation-generated characteristics, several experiments with
and without activated characteristic diagram correction were performed. In the experiment,
heat input was achieved by axis movements, which led to thermally induced displacements
at the TCP, Figure 10. It is a combination of the load cases which were already simulated.
The results from the simulation were used to train the characteristic diagram correction. It
shows that almost all reference measuring points can achieve very good correction values of
up to 90% and that the characteristic diagram correction therefore works very well for the
trained load cases. However, characteristic maps have their limitations at unknown load
cases, as stated in the introduction. Therefore, a fast-calculating structural model was used
to evaluate the validity of the currently activated characteristic diagram, as outlined next.
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5. Structural Model

The structural model is an essential component of the hybrid correction approach.
It entails the responsibility to provide on-demand evaluations of the current load case to
the decision algorithm for validity and accuracy checks. The structural model was built
in MATLAB from a reduced CAD model and allows structure changes during simulation.
Figure 11 provides an overview on the implementation process of the structural model,
divided into five steps.
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The first step was to create a 3D CAD model of the machine and reduce the overall
machine based on relative movements and static assembly parts. The demonstrator machine
DMU 80 was reduced to six parts as illustrated in Figure 12. Once the machine was divided
based on relative movements, it was necessary that each assembly part (AP) was meshed
in ANSYS individually based on linear tetrahedral elements and shared topology. For
external heat flow to another AP, conformity is not recommended for sliding interactions
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due to unsteady heat flow (e.g., all six parts as in Figure 12 should have non-conformity
with respect to each other; therefore, specific moving contact scripts were produced).
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The second step involved preparing the model for export by performing individual
exports for each AP. Ansys Parametric Design Language (APDL) scripts were used to export
the geometrical and material parameters required for the processing of structural model
blocks in MATLAB. Once all generated files were gathered, the process flow of the machine
was implemented along with the control’s data, experiment data, and process parameters
onto the physical blocks in a structural model framework accordingly, which was basically
parameterization and implementation (steps three and four). The structural model was
generally a block diagram simulation (BDS) made of various blocks as defined in [47]. Each
of these blocks defines a specific task to do, and steps three and four (Figure 11) mainly
happen in this framework. A rough illustration of the used framework of the structural
model to calculate thermal load for two assembly parts (AP1 and AP2) moving against
each other with input load case data is shown in Figure 13.
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Table 2 highlights an outline of the key features exhibited by significant components
of the structural model.

Table 2. Block characteristics of structural model.

Block Description

Main Code

Here, the interconnections of each block are defined and with the help of additional function scripts (f ),
the overall process parameters are implemented and performed, such as time domains (solver time step,
data sampling rate, and correction rate), machine model calculation, pre-processing of imported data,

post-processing of the output, and visualization.

Create Model

A complete machine is assembled including the imported data of each AP, contacts, sensors, axes,
convection blocks, and FEM-to-MOR pre-processing. Once the configuration of sub-blocks is finalized,
creation of the model is a one-time process and the created model can later be directly loaded into the

main code saving compilation time for different load cases.

Sensor Heat flow/generation scripts are generated separately for each surface to impose thermal values found
by experiments.

Convection Scripts are generated separately for each surface to impose convection values found by experiments on
specific renamed imported surfaces.

Axes
Spatial parameters are defined and prepared to gather data from the load cases incoming from machine
controller. These load cases together with axes block are then communicated to moving contact blocks

for thermal load calculation.

Contact

Contacts could either be linear or angular and moving or static. Depending on the case, the respective
contact block is generated. In the presented case, contact scripts mainly act as a medium to incorporate

load case by machine controls and generate a position-dependent temperature profile. These scripts
work simultaneously, i.e., active AP contact + passive AP contact, with other blocks.

FEM block Finite Element Modeling (FEM) numerical procedure is introduced and integrated with CreateModel
and Main Code.

MOR block Krylov-based Model Order Reduction (MOR) method is introduced, which is used to downsize the DOF
of whole system and retransform into temperature points for output block.

Step five finally involves transitioning the structural model into Run Mode after
ensuring the readiness of the parameters, blocks, functions, and data. Once the model is
error-free, executable, and validated with the FE model on static boundary conditions, the
machine controls data are incorporated.

The load (control) data consist of current, position, speed (I, x, and v), and ambient
temperature. Data tracing from the machine is performed at a sampling interval of 4 ms
(tdata). Conventional methods for implementing relative movements between assemblies to
generate position-dependent load profiles often involve detecting contact positions at each
position change, which can be computationally intensive and slow for online correction.
However, the presented approach eliminates the need for physical movement between
assemblies altogether, providing a more efficient and faster alternative. The idea is to
continuously collect data in a solver block at the given data sampling rate and average the
collected data signals to calculate position-dependent loads through the pre-programmed
moving contact scripts as concluded in [41]. Figure 14 shows a graphical representation of
the mentioned approach.

The moving contact scripts incorporate heat equations to calculate thermal loads accord-
ingly with changing thermal conductions and are case-dependent based on active–passive
AP movement. In FE simulation, segments are created, and a similar approach is used in
structural modeling. Segmentation allows for the simulation of asymmetric load cases (e.g.,
one-sided heat input on the right side). For example, if a moving part slides over a static
part (denoted by vertical arrows), one of them is divided into several segments and after
every 10 s of solver time step, 2500 signals of data (i.e., based on a 4 ms data sampling rate →
10/0.004 = 2500) are averaged over the divided segments to generate a position-dependent
load profile. Preliminary results indicate feasible approximation of thermal behavior when
tested with the control’s data, i.e., load cases. The structural model is subjected to a series
of tests to investigate the simulation time. Figure 15 elaborates on the simulation time
comparison and a temperature profile visualization of the structural model.
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An example load case was simulated in both the FE model and the structural model. A
comparison between the two models revealed an error ranging from 10% to 15% (subject to
change with further development) in the structural model when compared to the FE model,
while exhibiting similar temperature behavior. It was further observed that 24 h of reality
was simulated in 48 h through a conventional FEM procedure (ANSYS), while a structural
model based on MOR (MATLAB) took less than 30 min. The structural model’s significant
reduction in simulation time enhances its suitability for real-time decision making. This
includes ensuring the accuracy of the current load case in the machine and determining the
need for a new characteristic diagram.

6. Conclusions

Along the path to a hybrid thermo-elastic correction model that includes simulation-
generated characteristic diagrams and a structural model, the FE model as well as the
structural model are presented. Further, the models were validated by experimental studies
and characteristic diagrams were created in experimental and simulative ways. It was
shown that both the FE model and the structural model provided good calculation results
compared to the measured data. With the help of the developed characteristic diagram-
based correction, the error could be reduced by 40–60% on average. With these components
now ready, the next steps are the development and implementation of the observer and
decision algorithms and the implementation within the numeric control system.
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